Betulin from birch bark was extracted using two principally different extraction methodologies -classical Reflux Boiling (RB) and Pressurized Liquid Extraction (PLE). The extraction methods were analyzed based on both recovery and purity as well as for RB industrial feasibility. The purity and recovery for the different extraction methods were analyzed using High Performance Liquid Chromatography (HPLC) coupled with three different detection principles: Diode Array Detection (DAD), Mass Spectrometry (MS) and Charged Aerosol Detection (CAD). The chromatographic purity was determined by all detections whereas the DAD was used also for complementary gravimetric calculations of the purity of the extracts. The MS detection (in MS and MS/MS modes) was mainly used to characterize the impurities. Two steps to increase the purity of RB extracts were evaluated -pre-boiling the bark in water and precipitation by adding water to the extract. Finally, the methods were compared in terms of amounts of betulin produced and solvent consumed. The RB method including a precipitation step produced the highest purity of betulin.
Introduction
A vast amount of birch bark is obtained annually as a byproduct from the forest industry; a recent estimate for only Sweden -the world's second largest producer of processed forest products -is 1-2 million m 3 per year. 1 The white outer bark contains high amounts of betulin (up to 30% of dry weight) 2, 3 together with low amounts of betulinic acid 4 which could be used for other purposes than energy production which is currently the most common use. 5 Betulin is widely used in cosmetics 6 and is also a precursor for the synthesis of betulinic acid 7 which has important medical properties, such as antitumor, 8, 9 anti-inflammatory 10, 11 and anti-HIV activities. 12, 13 Therefore, a cost-effective purification process for these compounds with low environmental impact is highly desirable. Life cycle assessment has been used to compare two methods for extraction of betulin from birch bark -leaching into ethanol at ambient temperature and extraction using liquid carbon dioxide (50 bar, 16°C) with 20 wt% ethanol as a co-solvent. 1 The latter was concluded as having a lower environmental impact. However, betulin was not purified in the extraction but just determined in terms of concentration in the ethanol extract. There are numerous studies exploring different extraction techniques for betulin in birch bark, including pressurized liquid extraction (PLE), 14 supercritical fluid extraction (SFE), 15 microwave assisted extraction (MAE), 16 and classical reflux boiling (RB) or leaching. 17 While PLE and MAE require special equipment, the increased temperature and pressure usually utilized is believed to allow for more exhaustive extraction of the target compounds as compared to classical RB. On the contrary, SFE is known as a more selective extraction technique. 18 None of the published studies have calculated the energy usage necessary to compare different methodologies in terms of betulin production. Furthermore, only a few studies actually did purify betulin from the extract, and if they did, the method for determination of the purity varied largely, resulting in non-comparable or even erroneous results. For more information about the chemistry and general processing of birch bark, the reader is referred to the comprehensive review by P. Krasutsky. 19 The required purity of the extracted target compound depends on the intended use of the final product. Plant extracts intended for use in medical products are regulated e.g. by the Food and Drug Administration in the USA and European Medicines Agency in the EU. 20, 21 Should the same extract be used as a chemical of technical quality, it does not have the same stringent requirements. In fact, "technical quality" does not seem to be a well-defined term; descriptions like "reasonable quality" 22 and "do not have an established standard set for quality and impurity levels" 23 are used by some major suppliers.
The aim of this study is to find a suitable strategy for producing betulin with an appropriate purity and quality while considering environmental aspects such as solvent and energy consumption. This involves first a careful analytical evaluation of promising and environmentally sustainable extraction principles (RB and PLE). Secondly, utilizing different detection principles such as mass spectrometry (MS), UV/vis spectroscopy (using a diode array detector, DAD) and charged aerosol detector (CAD) coupled with HPLC to determine the purity and recovery of the extraction methods. Finally, the industrial feasibility of the most promising extraction technique is investigated in more detail by establishing mass and energy balances for industrial scale extraction, and solvent recovery processes based on reliable experimental data. Additionally, SFE was tested as a potential extraction method but was not pursued further due to poor performance, see ESI. †
Results and discussion
In this study, a number of screening experiments were performed for extraction of betulin from birch bark utilizing RB and PLE and the results were evaluated based on recovery, purity and solvent consumption. Supercritical Fluid Extraction (SFE) was also tested but was dropped due to high solvent consumption, low recovery and no additional purity compared to PLE and RB, see ESI. † The most promising extraction method for scale-up was thereafter investigated in terms of industrial feasibility and environmental sustainability, taking mass and energy balances into account. In Fig. 1 , the birch wood process is presented. The part of the process investigated in this study is marked with dashed lines.
Determination of suitable conditions for extraction by reflux boiling
Several aspects were explored prior to the more in depth analytical investigations. First, two different solvents were considered for the RB experiments: ethanol and acetone. Acetone was rejected because it did not provide any apparent advantages regarding yield and purity compared to the more envir- onmentally sustainable ethanol, see Table 1 . Secondly, the suitable boiling time in the RB was evaluated based on purity and the extracted amount of betulin, see Table 1 . 10 min boiling time was selected because only a minor increase in yield was observed for longer boiling times. Finally, ethanol RB with or without pre-boiling of bark in water to remove potential hydrophilic contaminations was evaluated. In Fig. 2 , chromatograms from RB extracts purified by different means are presented. As can be seen, some impurities are removed with the pre-boiling step; 9 out of 42 peaks are removed and some more have been reduced to some extent (DAD data). However, the later precipitation step in the process is much more efficient in removing impurities; 26 out of 42 peaks are completely removed and the remaining peaks have been greatly reduced. Thus pre-boiling in water would not substantially increase the purity of the target compound further in this particular case (see ESI Tables S1-S3 † for more information).
Determining purities and extraction efficiencies of the methods
Determination of purity is not trivial. For example, for UVmeasurements it is required that the compounds have chromophoric groups whereas in MS the compound need to be chargeable or be charged to give a signal and for CAD the compound volatility should not be too high (must have lower volatility than the mobile phase). In addition, standard compounds are needed for both analytes and all the impurities. One possible exception is if CAD is used since this detector is considered being more generic, at least for non-volatile compounds. The purities using DAD, CAD, MS and gravimetric as well as the extraction efficiencies and solvent consumption are summarized in Table 2 . The principal different methods a 0 min is when the solvent started boiling, the extraction process had begun prior to this. Table S7 . † for estimating the purity gave different results and in general, the more unselective detector CAD gave the highest purity, as discussed further below. The main aim with MS detection was not to evaluate the purity but instead to characterize the impurities in a more qualitative way and see how these patterns change for different extraction methods and operational settings.
In the ESI † we have detailed the data even more: the total ion chromatograms (TICs) and extracted ion chromatograms (XICs), can be found in Fig. S1 † with peak data in Table S3 Table S6 . † Purities determined by gravimetric analysis (see the procedure in the ESI †) gave lower values than those obtained both by DAD and CAD, indicating that there could be several impurities not detected by the detectors, see Table 2 . Many times this is observed because the contaminations are unsuitable for one or more of the detectors, such as lack of a chromophore for DAD or poor ionization for MS, or because they occur at levels too low to give a response which would be integrated (see ESI †). Table 2 shows that the precipitation step results in the highest purity, both for RB and PLE. In order to investigate where the observed extra contaminations in the gravimetric analysis originate from, the precipitate from the RB was dissolved in ethanol, filtered and precipitated again. The analysis of this sample showed to have similar purity both for gravimetric and DAD. This clearly indicates that insoluble material, which was also observed in the filter ( probably dust and cellulose), are present in the first precipitate. Because CAD, DAD and MS methods are based on chromatographic separations these contaminations are lost in the sample preparation filtration steps, and as a consequence the estimated purity is overestimated. To improve the process, a finer filter after the leaching step was used (102 Double Ring filter paper). The gravimetric purity with the additional filtration step without water pre-boiling was determined to be 60.2% and 63.1% after the precipitation step. These gravimetric purities are similar to the ones observed with birch bark pre-boiled in water after the precipitation step, see Table 2 . Fourier transform infrared spectroscopy (FTIR) analysis showed that the spectral library similarity against wood decreases and similarity against betulin increases with process steps and filtration followed by precipitation had the same quality using birch bark with or without the pre-boiling step. In Fig. S4 † photos of dried betulin process fluids or precipitates are presented for morphological comparison.
When the RB extracts purified by precipitation are compared before and after the precipitation step the gravimetric purity is significantly increased while only a slight (not statistically significant) decrease in the extracted amount occurs, based on analysis of variance (ANOVA) (data not shown). This indicates that the purification should be performed on the other extracts as well. ANOVA (data not shown) also suggests that the additional pre-boiling step affects neither the extracted amount nor the final purity to a notable extent (comparing extracts purified only by precipitation to extracts puri- 
follows: (n) neither pre-boiling in water nor precipitation, (2) no pre-boiling in water but with precipitation, (3) pre-boiling in water but no precipitation and (b) both pre-boiling in water and precipitation. Results for PLE are presented as pooled extracts from three extraction cycles, first extraction cycle only ( fied by both pre-boiling and precipitation). As a consequence we draw the conclusion that the pre-boiling step could be omitted from the final process without a reduction in purity, assuming precipitation is performed. The greatest extracted amount was obtained by PLE using three cycles, reaching a total of 79 mg per g bark, see Table 2 . However, the amount of betulin produced is approximately 1.6 times more than RB but with a solvent consumption (liter solvent per gram product) of 4.5 times higher. The value obtained for each cycle could be of interest if a thorough analysis of the economic feasibility for scaling up should be investigated, as it would then be possible to determine if only one or two cycles should be used which would reduce solvent consumption. For instance, using only one extraction cycle in PLE and introducing a precipitation step resulted in the pure product (Fig. S5 † ) with 1.2 times higher yield and 1.4 times higher solvent consumption compared to RB. However, RB still outperforms PLE in terms of purity of the product, see Table 2 . Both additional steps in RB ( pre-boiling and precipitation) result in increased purity, with the exception for MS detection (which was mainly used for characterization of impurities as discussed above). None of these additional steps result in a significant loss of betulin so combining this with the data in ESI Table S7 , † showing that many impurities are extracted by all three techniques, the potential of increasing the purity of PLE extract is apparent as can be seen in ESI Fig. S5 . †
Industrial feasibility of the RB extraction process
The RB extraction process using ethanol was selected for the further modelling of industrial implementation as it performed well in terms of yield and purity and also because the process utilizes both low temperature (ca. 78°C) and pressure (ambient). The mass and energy balances for RB extraction was established based on experimental data and the process configuration and production data from Gruvöns Mill, Sweden. The process sequences used in the laboratory extraction tests were modelled and applied to the total birch bark flow from the debarking process. After initial rough energy calculations, two additional unit operations were added to the simulation model compared to the laboratory tests in order to lend the simulated case more industrial relevance: (A) ethanol distillation enabling ethanol recirculation and therefore reducing the ethanol consumption by more than 40 tons per h and (B) ethanol evaporation from the bark prior to bark combustion, saving more than 10 tons per h ethanol. Furthermore, the latter adjustment is necessary as the ethanol-saturated bark would otherwise generate approximately 100 MW heat in the bark boiler, which would overload the bark boiler and impede combustion of softwood bark and other solid fuels generated on the site. The resulting model is shown in Fig. 3 . For simulation, actual mill data and assumed parameters were used (cf. Table 3 ). The Wilson thermodynamic model was used as it gives good correlation with actual vapor-liquid equilibrium data for ethanol/water. 25 The main results from the Chemcad simulations are shown in Table 3 . As can be seen, adding the betulin extraction process to the mill entails significant new mass and energy streams. With the simulated process configuration, the total mill low-pressure steam demand increases to 93 tons per h, corresponding to 56 MW of additional heat usage. The combustion of the dried birch bark in the biomass boiler instead From an industrialization perspective, the large-scale betulin production outlined in this study could be considered viable from a mass handling perspective. However, for the actual mill the concept would be troublesome due to the high energy consumption, especially for ethanol recovery. An additional steam production of almost 90 tons per h cannot be provided without very significant investments in new boiler capacity. In order to identify a more feasible process concept the issue of the main heat consumer, the distillation reboiler, should be addressed. When, for example, the ethanol concentration from the distillation column increases from 90 to 95 wt%, the energy requirement increases from approx. 30 MW to 100 MW.
As shown above the major cost in the process is the recycling of ethanol. Extraction with a lower ethanol concentration than close to the azeotropic ethanol water mixture (95 vol%), used in this study would be clearly beneficial from an energy consumption point of view and should be tested in future work. Furthermore, a modified process configuration utilizing evaporation of the extract prior to the precipitation might be a feasible method to reduce the distillation load and should be verified in further laboratory trials. Finally, the potential for heat integration between streams within such a modified betulin process as well as the mill's secondary heat streams should be further investigated.
Experimental

Chemicals
For all extraction methods, 95% ethanol (Solveco, Rosersberg, Sweden) was used whereas in the RB method MilliQ water from a MilliQ plus system was also used (Millipore, Billerica, Massachusetts, USA).
For the analysis methods LC-MS grade methanol and acetonitrile from Fisher Scientific (Västra Frölunda, Sweden) and water from Sigma Aldrich Chemie GmbH (Schnelldorf, Germany) were used respectively. Betulin, betulinic acid and progesterone (all ≥98% purity) were obtained from Sigma Aldrich Chemie GmbH and NaNO 3 (≥99.5% purity) from Merck (Darmstadt, Germany).
Standard preparation
A stock solution of 0.540 mg per ml betulin was prepared in methanol and diluted to standards ranging from 0.003 to 0.070 mg ml −1 . A standard reference sample was prepared containing 0.044 mg per ml betulin, 0.046 mg per ml betulinic acid and 0.032 mg per ml progesterone as the Internal Standard (IS).
Sample preparation and handling
The bark from birch (Betula pendula) was collected at Gruvöns Mill (BillerudKorsnäs, Grums, Sweden) directly from the transport conveyor below the debarking machine. The collected bark was dried at room temperature for a week and thereafter chopped twice in a garden compost crusher. Finally, the processed bark pieces were frozen in a freezer at −18°C followed by a "splash" of liquid nitrogen for making the bark brittle and thereafter directly processed in a food processor to obtain approximately 1 × 1 cm 2 pieces.
Extraction by classical reflux boiling (RB)
Three different types of experiments were performed to determine: (1) suitable boiling time followed by two alternative ways to increase the purity of the final product, either by (2) combining RB with precipitation by adding water to the extract or (3) pre-boiling the bark in water prior to extraction. All experiments were conducted at least in triplicates and stored in a refrigerator (+8°C) until analysis; all processed samples were analyzed the same day. For details see ESI. †
Pressurized liquid extraction (PLE)
The PLE conditions were based on a previous study, in which a maximized betulin yield was the aim. 14 Extractions with 95% ethanol were performed using an ASE 200 (Thermo Fischer, Germering, Germany) equipped with a solvent controller. The extraction was done in triplicate and each extraction was performed in three cycles of 5 min each, with each cycle collected separately. Internal standard was added to monitor solvent losses during storage. The samples were stored at −18°C until analysis. The procedure is described in more detail in the ESI. † Analysis An Agilent 1100 series system (Agilent Technologies, Waldbronn, Germany) with a Kromasil C18 column (2.1 × 100 mm, with a nominal particle size of 3.5 µm, AkzoNobel, Bohus, Sweden) was used for separation of the extracts. The mobile phases consisted of LC-MS grade water (A) and acetonitrile (B), and a linear gradient of 5-95% B over 30 min followed by 10 min at 95% B was used. Three different detectors were used. A diode array detector (Agilent Technologies) was used at 210 nm to evaluate betulin content and purity (210-400 nm was recorded). A Corona ultra RS CAD (Dionex, Sunnyvale, CA) was also used for these purposes (gradient compensation was utilized to keep the composition of mobile phase reaching the detector constant). A Q-Trap 3200 mass spectrometer (AB Sciex, Concord, ON, Canada) operating in a positive ion mode with atmospheric pressure chemical ionization (APCI) was used to collect MS and MS/MS data with enhanced mass spectrometry (EMS) and enhanced product ion (EPI) experiments (100-1200 Th were recorded in both experiments).
Determination of purity and amount of extracted betulin
Chromatographic purity utilizing the DAD (210 nm) and CAD was determined by taking the area ratio of the betulin peak to the total integrated area (excluding the contribution from IS if used) between 3 and 44 min (area threshold: 5, height threshold: 1 for DAD and area threshold: 2, height threshold: 0.3 for CAD). Since a gradient was employed for separation, blank subtraction was performed for the DAD data. In addition gravimetric purity was determined from the concentration obtained by DAD; the procedure is described in the ESI. † From the MS data, the total ion chromatogram was used to estimate the chromatographic purity and m/z from MS (Extracted Ion Chromatograms, XICs) and MS/MS were used to tentatively identify potential impurities, though most impurities were of very low intensity to yield any MS/MS signals.
Calculations of mass and energy balances for industrial feasibility
Mass and energy balances for RB extraction were calculated based on experimental data and production data from Gruvöns Mill where the bark for the experiments were collected. Gruvöns Mill is an integrated paper mill with an annual production of 685 kton based on softwood and hardwood chemical pulping. Around 25% of the used wood is birch. Debarking of birch wood prior to pulping yields approximately 50 000 metric tons of dry substance bark per year. The material and heat balances process was modelled, using Chemcad 6.4.1 (Chemstations Europe GmbH, Berlin, Germany).
Conclusions
In this study we have extracted betulin from birch bark utilizing two different methods: reflux boiling (RB) and pressurized liquid extraction (PLE). The classical RB gave the highest purity of betulin. Our results show that PLE did not give better selectivity towards the product than RB. PLE with three cycles gave up to 1.6 times higher amount of extracted betulin as compared to RB. On the other hand, the solvent consumption per gram product for PLE was around 4.5 times higher as compared to RB. Using just the first cycle in the PLE process results in 1.4 times higher solvent consumption and 1.2 times higher amount of extracted betulin compared to RB. Therefore, PLE is likely a more energy-demanding and expensive process, since a larger amount of solvent is required in the process and more advanced equipment is used. One could recycle the solvent to reduce the cost, however, recycling ethanol is quite an energy-consuming process. 26 We also found that pretreatment of birch bark with boiling water prior to the RB step to remove hydrophilic contaminations did remove contaminations in the process fluid (cf . Fig. 2) ; however, the highest impact on purification was accomplished by the introduction of a precipitation step. The optimized RB process was selected as a model for industrial calculations for 50 000 tons of birch bark. The RB method is suitable for scale-up and a number of potential process modifications have been identified that would significantly improve the feasibility for large-scale purification.
Among others it could be demonstrated that ethanol concentration from the distillation column <90% results in drastically decreasing energy consumption. A further techno-economical study is planned in which process parameters and heat integration will be optimized. Extraction tests will be carried out in order to verify that betulin yield and purity can be maintained. If successful, the proposed extraction and purification process can be used as a valorization process in the forest industry.
